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Thiolate protected metal nanoclusters are emerging materials for the preparation of 
atomically defined heterogeneous catalysts. Recently it was revealed that the ligands 
migrated to the support upon cluster deposition, which influences the catalytic behaviour. 
Here we examined the role of the protecting thiolate ligands on the cyclohexane oxidation for 
Au38(SR)24 supported on CeO2 and Al2O3. Sulfur containing products were detected. XANES 
S K-edge measurements revealed SOx species on the support during the reaction. The 
results indicate (i) an active and complex role of the thiolate ligand and (ii) changes of cluster 









 Unexpected product distribution is related to thiol-surface interaction. 
 SOx species evolution during reaction depends on the support material. 









Thiolate protected Au nanoclusters in the size range from sub-nanometer to 2 nm 
have shown extraordinary catalytic selectivity and activity, which are dependent on both their 
size and structure [1, 2]. To enhance stability and activity of the catalyst, Au nanoclusters are 
supported on various materials for heterogeneous catalytic oxidation reactions such as CO 
oxidation [3, 4], cyclohexane oxidation [2, 5] aerobic alcohol oxidation [6] or styrene oxidation 
[7]. Au nanoclusters are atomically precise and composed of a dense gold core and 
protecting S-(Au-S)n- (n= 1, 2) units (staples) [8]. The atomic level homogeneity and the well-
defined surface of Au nanoclusters make them a promising model catalyst to study the 
structure-reactivity correlation at atomic level [9].  
In addition to the influence of the support material [5, 10] the thiolate ligands play an 
important role in the catalytic activity of Au nanoclusters in some reactions depending on the 
level of ligand coverage around the Au cluster core (with ligands partially removed by thermal 
treatments) [11-13]. Supported ligand protected clusters (Aux(SR)y/CeO2, x=25, 38 and 144), 
were active in reactions such as CO oxidation, although the discussion of the ligands effect 
was controversial. Whereas in some works higher activity were obtained without removing 
any ligands [14, 15], in another case it was reported that the thiol ligands act as a double-
edged sword. In this case, the ligands stabilize the Au cluster structure, but block CO 
adsorption on Au sites [4]. Therefore, partial removal of thiolate ligands was typically required 
for CO oxidation. In the case of liquid phase aerobic oxidation of benzyl alcohol, 
Au25(SC12H25)18 supported on porous carbon nanosheets showed no activity with the 
completed ligand shell, but only when the ligands were partly removed. The ligand coverage 
also affects selectivity since thiolates reduce the oxidation ability of Au by withdrawing 
electrons, but also by inducing site isolation [6]. 
Our previous work demonstrated that the catalytic activity and selectivity of Au38/MxOy 
(MxOy= Al2O3 and CeO2) can be fine-tuned via the thiolate coverage and the type of support 
material, modulating the nanocluster-support interaction [5]. Liquid phase aerobic 
cyclohexane oxidation was the target reaction studied. Au (III) complex and nanoscale Au 
catalysts supported on metal oxides [16] and carbon materials[17] have been applied in this 
reaction leading to high selectivity towards cyclohexanone and cyclohexanol at low 
conversion level. Cyclohexane oxidation reactions occur at the nanoparticle-support interface 
of the supported Au nanoparticles catalysts, where Au nanoparticles promote the activation 
of O2 molecules and accelerate the formation of surface active oxygen species [18]. Tsukuda 
et al. studied the cluster size effect on the cyclohexane oxidation reaction, showing that Au39 
exhibits highest catalytic activity among various Aun nanoclusters (n= 10, 18, 25, 39, 85) [2]. 
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Based on this, in our previous work, supported Au38(SR)24 cluster catalysts were studied in 
the reaction evaluating the effect of the pretreatment and of the support material [5]. Clear 
differences in the catalytic activity were obtained depending on the degree of the thiolate 
ligand removal. Surprisingly, unexpected cyclohexanethiol was observed among the 
products, being a clear evidence of the active role of the thiolate ligands in the reaction. The 
only possible source of sulfur to form cyclohexanethiol is the thiolate ligand (SR), proving 
their direct participation in the reaction.  
In our recent study, we revealed for the first time ligand migration from the gold cluster to the 
support[19]. We studied the fate of the thiolate ligands upon supporting Au38(SC2H4Ph)24 
nanoclusters on oxides surfaces and the evolution under oxidative pretreatments. S K-edge 
XAFS (X-ray Absorption Spectroscopy) disclosed the formation of unexpected oxidized sulfur 
species on the support [19]. The redistribution and oxidation of the ligands modified the 
support surface, a factor that may alter its properties. 
Herein we explore the active role of thiolate protecting ligands in a catalytic reaction, 
studying the interaction between the gold clusters and the oxide support of the used catalysts 
(Au38/MxOy (MxOy= Al2O3 and CeO2)) in the cyclohexane oxidation [5] by spectroscopic 
techniques. Electronic properties of S species have been investigated by X-ray absorption 
near edge structure (XANES). Evolution of the catalysts surface was followed by XAFS, UV-
vis spectroscopy, high-angle annular dark-field scanning transmission electron microscopy 
(STEM-HAADF), X-ray photoelectron spectroscopy (XPS) and in situ attenuated total 
reflection infrared spectroscopy (ATR-IR), revealing different size growth depending on the 
oxide support material and ….. 
 
Experimental 
Catalysts preparation and cyclohexane oxidation reaction 
Synthesis and characterization as well as the catalytic activity of Au38/MxOy catalysts 
were described in detail previously [5]. Shortly, Au38(SC2H4Ph)24 was synthesized and 
separated by size exclusion chromatography (SEC). Au38(SC2H4Ph)24 is denoted as Au38 in 
the following. The monodispersity of Au nanocluster was confirmed by MALDI-TOF mass 
spectrometry. The obtained Au38(SC2H4Ph)24 was then supported on Al2O3 and CeO2 (at 0.5 
wt % Au) by impregnation. A solution of the Au38 cluster in dichloromethane (DCM) and the 
oxide materials was stirred until the brown solution turned colourless. Supported clusters 
samples are denoted as Au38Al and Au38Ce, respectively. The supported nanocluster 
catalysts were collected by filtration and dried in air at 80˚C. 
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Thermal pretreatments of the supported nanoclusters were carried out in air at 150 C 
and 250 C (10°C/min ramp). Each catalyst was tested in the aerobic cyclohexane oxidation 
reaction using reported method [5], with the reaction mixtures being analysed by gas 
chromatography coupled with mass spectrometry (GC-MS). 
 
Characterization techniques 
UV-vis spectra of the solid samples were recorded on a UV/VIS spectrometer (Perkin 
Elmer 750 Lambda) coupled with a Diffuse Reflectance Sphere. Samples were placed in 
quartz cuvettes and BaSO4 was used as reference.  
High-angle annular dark field (HAADF)-Scanning Transmission Electron Microscopy 
(STEM) was performed at 200 kV with a Tecnai G2 F20 S-TWIN microscope equipped with a 
field emission electron source and provided the microstructural characterization.  
X-ray photoelectron spectroscopy (XPS) measurements were performed on a UHV 
system equipped with a Phoibos 100 hemispherical analyzer and a XR 50 X-ray source 
(SPECS GmbH). Spectra were recorded with AlKα radiation and data were analyzed with the 
CasaXPS software. Peaks were fitted after Shirley (Au-signal) and Linear (S-signal) 
background subtraction with Gauss−Lorentz sum functions. Peak positions and full width at 
half-maximum (FWHM) were left unconstrained. Au 4f peaks were fitted with 3.7 eV doublet 
separation and a fixed ratio of 4:3 for Au4f7/2 an Au4f5/2. For the S 2p peak fitting doublets 
with a fixed doublet separation of 1.2 eV and a fixed area ratio of 2:1 were used for S2p3/2 
and S2p1/2 (all NIST XPS database). For the XPS measurements the powders were applied 
evenly on carbon tape. Peak positions were referenced to the C1s (graphite) and valence 
band signal. 
Attenuated Total Reflection (ATR) infrared spectroscopy was performed with a Vertex 70 
(Bruker Optics) spectrometer equipped with a liquid-nitrogen-cooled mercury cadmium 
telluride (MCT) detector and a commercial mirror unit (SN 854). The ZnSe crystal was drop 
casted with an ethanol suspension of the sample and let dry, creating a thin catalysts. The 
experiments were performed with a Spec commercial flow cell connected in recycling 
configuration (batch) with the vessel containing the reaction mixture (cyclohexane, oxygen 
bubbler and initiator) The system was heated to 60 °C (temperature closest to the catalytic 
measurements, but avoiding evaporation). A series of consecutive spectra (200 scans per 
spectrum; resolution 4 cm-1) was collected (20 s/spectra) for 2 hours. 
XAFS studies 
X-ray absorption fine structure (XAFS) measurements at the S K-edge (2.4720 keV) 
and Au L3-edge (11.9187 keV) were carried out at the BL22-CLAESS beamline at the ALBA 
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synchrotron (Barcelona, Spain) for both the fresh, thermal pretreated and used catalysts. The 
samples were prepared as 5 mm pellets and mounted on the beamline sample holder. 
Measurements at both S K-edge and Au L3-edge were performed in fluorescence mode 
under vacuum and low temperature conditions (liquid nitrogen T 80K). Sulfur reference 
compounds (sulfur, sulfone, Na2SO3, Na2SO4, corresponding oxidation states: 0, +3, +4, and 
+6; and Al2O3 and CeO2 supported phenylethanethiol) were also measured. Additional XAFS 
measurements at Au L3-edge for selected CeO2 supported catalysts were carried out at the 
Super-XAS beamline at the Swiss Light Source (Villigen, Switzerland). Fluorescence signal 
was detected with five-element SDD detector (SGX). The powder samples were placed in a 
quartz capillary and cooled down with a cryo-gun to liquid nitrogen temperature. The data 
analysis was performed according to standard procedures using Ifeffit software [20].  
 
Results and Discussion 
Ligand effect  
The catalytic activity of Au38 clusters supported on CeO2 and Al2O3 was studied for the 
aerobic oxidation of cyclohexane in our previous work [5]. Surprisingly, a significant amount 
of cyclohexanethiol was found, revealing the active participation of the sulfur species in the 
catalytic reaction (Figure S1). This is more pronounced in the case of Al2O3 support. In both 
cases, cyclohexanol production increases upon rising the pretreatment temperature, which 
could be due to more catalytically active Au atoms exposed upon heating and some increase 
in the particle size. Cyclohexanethiol was obtained in both cases but in higher amount in the 
case of Au38Al catalysts. It has been proposed that the formation of cyclohexanethiol is 
directly related with residual ligands of the Au38 cluster on the support, which is the only 
source of S atoms in the supported nanocluster catalysts [5]. The Evolution of the 
unexpected product (cyclohexanethiol) was study with longer reaction times. Figure 1b 
shows the decrease in the cyclohexanethiol presents in the products mixture, gradually in the 
case of Au38Ce in comparison to the Au38Al catalysts with a sharp decay. It is accompanied 






Figure 1. Catalytic activity of Au38/MOx (CeO2 and Al2O3) in the cyclohexane oxidation 
reaction  
Interaction of sulfur compounds with oxides such as Al2O3 and CeO2 have been 
studied for desulfurization or absorption of thiols [21-23]. The reactivity for the adsorption and 
dissociation of S-containing molecules on oxides depends on their properties such as acidity-
basicity properties, pore structure, band gaps, presence and type of oxygen vacancies, etc.  
The treatment of these oxides with sulfur dioxide can lead to the formation of sulfite species, 
which is more effective in case of CeO2 related with a higher Lewis basicity strength in 
comparison with alumina. In these cases, chemisorbed sulfite on alumina decreased at the 
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same time that physisorbed SO2 increased [21]. CeO2 supported Au nanoparticles oxidize a 
wide variety of aromatic and heterocyclic thiols to disulfides even at room temperature, using 
oxygen as electron acceptor. This catalyst applies for both aqueous and solvent-free 
conditions [22]. This could explain different interactions between the thiolate ligands and 
different support materials, which dictate their catalytic behaviour. 
In order to get more insights into these interactions, in situ ATR experiments were 
performed with Au38Ce and Au38Al catalysts, as well as with each support fresh and with 
thiolate ligand impregnated (SRCe and SRAl) during cyclohexane oxidation. Like in previous 
studies [10], the reactivity can be observed with the evolution of the characteristic 
cyclohexane vibrations (Figure S2), in the (C-H) range. Around 2929 and 2849 cm-1, 
symmetric and asymmetric stretching vibrations of the cyclohexane CH2 groups are detected, 
respectively. Cyclohexane scissoring, twisting and rocking characteristic vibrations were 
observed in lower wavenumber region (1447 and 1014 cm-1), as well as bending modes 
(1258 cm-1) [24].These samples are not leading to high activity in the cyclohexane oxidation , 
which, is evidenced by the absence of characteristic bands of the main products 
cyclohexanone or cyclohexanol in the spectra. Only in the case of gold supported catalysts, a 




Figure 2. ATR spectra of Au38Ce and Au38Al after 1 hours during the in situ 
cyclohexane oxidation reaction 
 
The interaction of the ligands with the support leading to SOx species can be 
demostrated by S=O and S-O vibrations. Previous reported studies assigned bands around 
1340, 1373, 1145 and 1050 cm-1 to the adsorbed SOx species on oxides materials like Al2O3 
[25-28]. In figure 2 the three bands at 1055, 1145 and 1362 cm-1(marked in red) can be 
assigned to SOx species. This shows the formation of sulphur oxide species on the catalysts 
surface, in agreement with the XAFS measurements.  Then, this species can be the source 
for the formation of cyclohexanethiol, which have the infrared characteristic bands around 
1340, 1220, 1190, 1030 and 1019 cm-1. In figure 2 are detected the bands at 1348, 1217, 
1221 and 1193 cm-1 with both catalysts during the reaction that can be assigned to this 
unexpected product in agreement with in the kinetic measurements 
 
In addition, the interaction of the S species and formation of oxides upon deposition 
and their evolution under pretreatment was confirmed and proved in our recent work.[29] In 
order to explain the observed selectivity during the cyclohexane oxidation from our previous 
study,[5] which are likely related with the thiolate ligand coverage and interaction with the 
support, the evolution of the S species was followed by XAFS measurements at the S K-
edge. 
With thiolate protected gold cluster samples, EXAFS measurements are limited due to 
contribution from Au M3-edge (2.7430 keV) which is very close to S K-edge (2.4720 keV). 
The signal from Au M3-edge would therefore overlap with the post-edge oscillations, which 
limits the k-space (EXAFS region) spectrum until 8 Å-1. However, the XANES region is 
enough to determine the formal oxidation state of the element, because the absorption edge 
energy changes related to the oxidation state of the absorbing atom. Identification of the S 
species in the collected samples was carried out by comparing the experimental XANES 
spectra with S reference compounds (oxidation states: -1, 0, +3, +4 and +6). Unsupported 
Au38 clusters showed a pre-edge feature at 2471 eV related to S-Au bond and a S-C peak at 
2473 eV, in agreement with previously reported measurements [29-31]. When supported on 
metal oxides, the S-Au peak intensity decreases as compared to the S-C peak intensity. New 
peaks corresponding to S species at high oxidation states (disulfide, SO3-2 and SO4-2) were 
also observed (Figure S3).  
Both atmospheric and support lattice oxygen may contribute to the formation of high 
oxidation state S species from detached thiolate ligands. For both metal oxides supported 
nanocluster samples different oxidation states of S were observed. In Au38Al, S-O peaks at 
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2482 and 2497 eV are related with SO3-2 and SO4-2, which formed by the reaction between 
support lattice oxygen and SO2 [32]. In Au38Ce, S-O peaks at 2478 and 2481 eV are related 
to SO3-2.The different oxidation states of S species in the supported nanocluster catalysts are 
therefore attributed to different interactions between the support and the S species. This is 
further confirmed by the fact that the oxides supported phenylethanethiol reference samples 
show similar peaks to their Au38/MxOy counterpart (Figure S3). 
 
Figure 3. XANES spectra at S K-edge of Au38/MOx catalysts without pretreatment (RT) and 
after pretreatment, before reaction (▬) and after cyclohexane oxidation reaction (●●●): a: 
CeO2 and b: Al2O3 supported catalysts.  
 
During the aerobic oxidation of cyclohexane, the S-C peak decreases, denoting the 
ligand removal or fragmentation of the carbon chain part, with a simultaneous increase of the 
S-O peak in Au38Ce mainly with the fresh and 150°C pre-treated sample, as is shown in 
Figure 3. This could be explained by the participation of low oxidation state sulfur species in 
the reaction or the further oxidation of the S species under O2 rich reaction conditions. The 
same trend is observed for Au38Al samples. In the case of thermally pre-treated samples at 
250°C, S-O peak decreases during the reaction. Possibly this is due to higher reactivity when 
more gold surface is available due to higher pretreatment temperatures.    
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The redistribution of S species in the supported samples affects the oxidation reaction 
possibly in two ways: 1) Direct participation of the S species adsorbed on the support in the 
reaction; 2) Poisoning of the catalytic active site on the support surface and affecting the 
charge transfer between support and nanocluster. Firstly, the rich library of S species in the 
support sample offers the starting material for the formation of cyclohexanethiol. Secondly, 
the adsorption of sulfur species (either on metal sites or oxygen vacancies) changes the 
charge distribution on the surface, which is related with the activation of the O2 molecule and 
charge transfer between the support and the nanocluster. Jin and coworkers reported an 
enhanced catalytic activity of Au38Ce catalyst in CO oxidation by increasing the Ce3+/Ce4+ 
ratio in the support [33]. This finding gives important insight into the effect of nanocluster pre-
treatment and reaction conditions. 
 
Cluster stability under cyclohexane oxidation reaction 
The Au L3-edge XANES spectra probe transitions of 2p to unoccupied 5d states of the 
Au atoms in the clusters, therefore the Au-thiolate bonding in these structures can be 
studied. The white line intensity increases from bulk to cluster structure, indicating a d-
electron depletion as size decreases. From calculations, it was concluded that the staple 
(non-metallic) Au site shows more pronounced d-electron depletion than the (metallic) core 
Au site [30, 34]. In the case of Au38Ce catalysts, only the sample without pretreatment was 
possible to be measured after reaction due to the low amount of recovered sample and the 
challenging measurement in fluorescence mode, due to the strong signal from the CeO2 
support. Figure S4a shows the XANES spectra of Au38Ce: before and after cyclohexane 
oxidation, presenting slight changes in the white line and peaks at 11920eV and 11950eV 
related with the decrease in Au-S bonds and increase in the fraction of Au-Au bonds. No 
further relevant structural changes are observed in this case (peak at 11970eV). However, in 
the case of Au38Al catalysts, XANES spectra before and after pretreatment; and after reaction 
could be obtained (Figure S4b). By increasing the temperature of the pretreatment, a higher 
tendency to the metallic state, decreasing and shifting the white line (≈11920eV) is observed. 
Pronounced changes in the peak around 11950eV are visible with increasing temperature. 
This can be related to a decrease of Au-S bonds during pretreatment, resulting in an 
increase in the fraction of the Au-Au bonds, leading to higher metallic character. This can 
also be related, together with changes in the peak around 11970eV, to an increase of cluster 
size, loss of the cluster structure and formation of more bulk structure, in line with the 
decrease of the white line. This shows that sintering of the clusters supported on Al2O3 
occurs already during the pretreatment and more pronounced during the reaction.  
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STEM-HAADF studies were performed to investigate the size and morphology of the 
samples before and after reaction. Figure 4 shows Au38Al and Au38Ce catalysts fresh, 
pretreated at 250°C, and after cyclohexane oxidation reactions. Upon supporting on Al2O3 
and CeO2, Au nanoclusters (bright dots in the images) exhibit homogeneous size distribution 
with a diameter around 1nm.  
In the case of Au38Ce catalysts (Fig.4, green line), the ceria support is constituted by 
small nanoparticles of about 4-7nm in size. They do not exhibit any particular shape. 
Concerning Au, it is very difficult to identify the Au clusters but, when visible, they measure 
about 1nm or they are even subnanometric. There is an excellent distribution of Au clusters. 
The sample after reaction is virtually identical to the fresh one without any Au cluster 
sintering evidenced. This is also the case for the sample pretreated at 250°C shown in Figure 
4 that looks identical to the fresh one. It is important to highlight that most of the Au clusters 







Figure 4. HAADF-STEM images from before (fresh) and after cyclohexane oxidation reaction 
(used) of Au38/MxOy (CeO2 and Al2O3), without pretreatment and after pretreatment at 250°C. 
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In the case of Au38Al catalysts (Fig.4, lila line), the fresh sample without pretreatment, 
presents bright dots corresponding to Au clusters, which are very homogeneous in size and 
measure about 1 nm in diameter. After 24h of reaction the sample mainly exhibits Au clusters 
of about 1nm, but there are a few Au clusters measuring 1.5-2nm, suggesting a slight 
sintering. For Au38Al pretreated at 250°C, it is observed that some of the Au clusters sinter 
into Au nanoparticles with a rather broad size distribution. Some of the initial Au clusters 
persist, which are identified by their size of about 1 nm, but larger Au nanoparticles are 
clearly visible, mostly in the size range of 2-3 nm, while some of them measure up to 4 nm. 
Most pronounced sintering is observed in this sample after reaction where the Au clusters 
have agglomerated strongly into Au nanoparticles in the range 2-10 nm in diameter. The 
distribution of Au nanoparticle size is quite heterogeneous. 
The UV spectra of supported Au38 have been studied and compared (Figure S5). 
Three main peaks (480, 626, and 750nm) are observed for the unsupported Au38. Discrete 
transitions and molecular-like electronic properties of Au38(SR)24 have been identified by 
density-functional theory computations, which suggests that the ligand HOMO → LUMO 
transitions contribute partially to the experimentally observed peaks at 626nm and 750nm 
[35].  
The Au38 features (480, 626 and 750nm) in Au38/Al2O3 decrease with treatment 
temperature (Figure S5) and no feature of Au38 is observed after treatment at 250˚C, 
denoting a loss in the cluster structure which can be related to the ligand removal. After 
reaction, only obvious plasmonic band at the wavelength range of 530-540nm is detected in 
the recovered Au38Al sample (Figure S3), which reveals the size growth of nanocluster. 
Higher intensity of plasmonic peak in each used sample (with and without thermal 
pretreatment) is observed after longer reaction time. In the case of Au38Ce, the well defined 
features associated to the Au38 clusters are hardly visible after the pretreatment. Not obvious 
plasmonic peak is present in the UV-vis spectra neither after the pretreatment or the 
reaction. Comparing to Au38Al3, Au38Ce the absence of plasmonic peak shows that CeO2 
stabilizes the Au core during reaction in agreement with the HAADF-STEM measurements. 
These findings can be related to different support-S species and support-Au cluster 
interaction in Au38Al and Au38Ce samples. Higher stability of the cluster structure is obtained 
with CeO2 compared to Al2O3, in agreement with previous works [5]. 
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Figure 5. XPS spectra of (a) the Au 4f and (b) the S 2p3 core levels of the Au38 
clusters supported on ceria. Bottom spectra are acquired after cyclohexane oxidation 
reaction (used) and before (fresh) 
 
XPS analysis was performed before and after catalytic reaction to characterize the 
gold clusters and to determine the state of sulfur in CeO2 supported catalyst. Figure 4 shows 
the respective Au 4f and S 2p regions, including peak fitting. After pretreatment, a Au4f7/2 
signal can be observed at 84.6 eV and can be attributed to metallic gold. The binding energy 
is ~ 0.6 eV higher than for bulk metallic Au. Huang et al. reported similar binding energies for 
Au-nanoclusters supported on ceria [36]. Furthermore, the peak position is in line with earlier 
work on monolayer protected Au-clusters[19]. Also, Zhang showed for AuSR nanoparticles of 
decreasing size, that the Au 4f peaks shift to higher binding energy [37]. This shift results 
from a nanosize effect and from metal−ligand interactions in the surface of nanoparticles and 
clusters.[37] After reaction, the Au4f signal changed significantly, showing a strong shift to 
lower binding energies (83.8 eV). This could be due to strong metal-support interaction. 
Similar low binding energies were reported by Si et al. for Au supported on ceria nanocubes 
(used for water gas shift reaction) [38].  
In the S 2p spectra (Figure 4b), the spectrum of the fresh Au38Ce- sample after 
pretreatment at 150°C comprises two components at 161.3 and 167.4 eV. The peak at 161.3 
eV can be attributed to the sulfur-gold bond, in agreement with values for metal sulphides  or 
with the Au-S bond in self assembled monolayers. The peak at 167.4 eV can be assigned to 
fully oxidized sulfur. This agrees with the results of Devillers et al. who reported oxidation of 
sulfur for self-assembled monolayers in an oxygen environment [39]. The XPS results for the 
oxidized sulfur correspond well to the observation of SO3-2 and SO4-2 in the XANES 
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measurements. After catalytic reaction no sulfur species were observed by XPS. This goes in 
line with the formation of cyclohexanethiol during reaction (i.e the sulfur is reacting with 
cyclohexane) and its disappearance in longer reaction times. 
 
Conclusions 
The active role of protecting thiolate ligands in Au38/MxOy (Al2O3 and CeO2) samples 
has been identified by detecting sulfur species on the support (originating from thermal 
treatment of catalysts) and in samples recovered after aerobic cyclohexane oxidation 
reaction. The migration of the thiol ligands to the support surface upon deposition of the gold 
nanoclusters created oxidized sulfur species that further evolved during the reaction. A 
different redistribution was observed depending on the nature of the oxide support. 
Therefore, the active sites on the support and the charge transfer between support and 
nanocluster are affected, which influences the catalytic properties. The unexpected formation 
of cyclohexanethiol in our previous studies was clarified, showing that the S species on the 
support surface (detached from the clusters), were available to react with the cyclohexane 
reactant. The cyclohexanethiol presence decrease over longer times leading to higher 
ketones mainly production. The continuous evolution of S species and dependence on the 
support material influence the reaction pathways and explain the complex selectivity 
previously observed for different oxidation reactions. 
Upon S redistribution, the stability of the gold core also depends on the metal oxide. 
The CeO2 support was shown to be better than Al2O3 in preventing gold nanocluster 
aggregation upon thermal treatment and during reaction. This study highlights the important 
role thiolate ligands play in supported Au nanocluster model catalysts. 
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